The transition of α-helical or unfolded peptides and proteins to β-sheets and the subsequent amyloid formation are characteristic for neurodegenerative diseases like Alzheimer's or Parkinson's disease. The interactions of amyloidogenic peptides with surfaces such as biological membranes are considered to play an important role regarding the onset of secondary structure changes. In our project, we used a peptide designed to have specific secondary structure propensities in order to investigate the driving forces and conditions which lead to the β-sheet formation. The model peptide is able to adopt the coiled coil conformation, α-helical peptide strands that wind around each other in a superhelical structure. In addition to building principles stabilizing this α-helical conformation it also has β-sheet stabilizing features. We focused on the interactions of the peptide with the hydrophobic air-water interface. Infrared reflection absorption spectroscopy was used as a surface sensitive method and complemented with grazing incidence X-ray diffraction and reflectivity. Furthermore, the model peptide provides metal binding sites. The binding of transition metal ions leads to a local preference of certain secondary structure elements, depending on the metal ion and the geometry of metal ion binding sites. The interplay and competition of the two trigger mechanisms (1) interaction with surfaces and (2) metal ion complexation were investigated. We found that the secondary structure of the peptide strongly depends on the interactions with the hydrophobic air-water interface and the orientation imposed by it. The metal ions Zn 2+ and Cu 2+ were used for complexation. The structure of the peptide surface layer differs according to the bound metal ion.
Introduction
Neurodegenerative diseases like Alzheimer's or Parkinson's disease are connected to a misfolding of amyloidogenic peptides. Recently, the early stages of amyloid formation, protofibrils and oligomers are discussed as crucial steps in neurotoxicity. Soluble oligomers and protofibrils have been found to be toxic to neuronal cells [1] [2] [3] . Links between soluble oligomers and pathology are discussed for neurodegenerative diseases [4] [5] [6] .
The mechanism of the very beginning of amyloid formation is still unclear. Most amyloidogenic peptides occur physiologically in an unstructured conformation before transformation to β-sheet structures and fibrils.
A possible trigger for the misfolding is the interaction of the peptides with interfaces like membranes [7, 8] or damaged biomembranes [9, 10] . Therefore, interactions with different interfaces have been investigated for all kinds of amyloidogenic peptides (for example [11] [12] [13] [14] [15] [16] [17] ). The interactions with hydrophobic surfaces or charged membrane models are widely accepted, while generally less or no interaction with hydrophilic and uncharged surfaces was found (for example [18] and [19] ).
For the Alzheimer related peptide A β bound to membrane models, electrostatic and hydrophobic interactions were distinguished by Bokvist et al. [14] , while Murphy [8] focused on kinetic effects of membrane interaction.
Usually a lag time before the onset of aggregation is observed in bulk systems, but it is markedly decreased or omitted at the interface. [9, 17, 18] For A β , the lag time before β-sheet formation is drastically shortened upon interaction with membrane models, so that membrane mimicking conditions are used to study an analogous, but slowed down process [12, 20] .
The role of α-helical intermediates in the first steps of the amyloid folding pathway of A β and other amyloidogenic peptides is under debate [21] [22] [23] . Various studies dealt with α-helical intermediates, especially in combination with membrane binding, e.g. for islet amyloid polypeptide [16] , insulin [24] , medin [25] and A β [26] .
The detailed investigation of the folding mechanisms is still challenging, since the intermediate is not a stable state and often inaccessible for adequate experimentation for the naturally involved peptides like A β . Therefore, a model peptide with tailor-made aggregation behavior was developed by Pagel et al. [27] and modified to respond to certain environmental conditions [28] . The resulting peptide VW29 is able to adopt an α-helical coiled coil conformation as well as β-sheet structures which ultimately fold into fibrils. Corresponding to the physiological conformation of many amyloidogenic peptides, it is unfoldedat low concentrations (≤ 5 μM). The stabilization of the α-helical conformation is advantageous for the study of α-helical intermediates at the interface. An additional feature of the peptide is the possibility of transition metal ion complexation.
It is accepted that transition metal ions like Zn 2+ or Cu 2+ play a role in the aggregation of A β , as they are present in the brain and are found in the pathological amyloid plaques [29] (review), Zn 2+ and Cu 2+ : [30] [31] [32] [33] , Zn 2+ only: [34, 35] , Cu 2+ only: [36] [37] [38] [39] . Metal ion binding sites were introduced into the model peptide via histidine residues in an i, i + 2 geometry. The binding of transition metal ions leads to the stabilization of either an unfolded conformation or of the β-sheet structure, accelerating the amyloid formation in bulk [28] . Interestingly, the different complexation geometries for Zn 2+ and Cu 2+ also influence the aggregation behavior of naturally occurring and model amyloidogenic peptides. While Zn 2+ complexation is closely related to His residues and leads to rapid aggregation [40] , the binding modes and role of Cu 2+ are manifold [41] [42] [43] . We decided to investigate the inherent binding properties of the peptides apart from the amino terminal Cu
2+
-and Ni
-(ATCUN) binding motif [44, 45] present in a range of metal binding peptides and proteins, but not in naturally occurring amyloidogenic peptides. The model peptide does not follow the ATCUN motif with a His in the third position from the N terminal part. Our model peptide with a metal ion ligation switch provides difference in conformational stability by sterical constraints. This general sterical effect is the mechanism under investigation in our study.
In addition to the influence of a hydrophobic interface on the folding behavior of the model peptide VW29, the complex interplay of the sometimes opposing influence of metal ion binding on the one hand and interaction with interfaces on the other hand is the focus of this study. In order to gain a first understanding of the behavior of the peptide at interfaces we chose a simple hydrophobic-hydrophilic interface, the air-water interface. We will present a structural study of surface layers of VW29 adsorbed at the air-water interface without the presence of metal ions and also complexed to Zn 2+ or Cu 2+ , respectively.
Infrared reflection absorption spectroscopy measurements (IRRAS) have been carried out to investigate the time-dependent conformational behavior of the model peptide at the interface. The compression state of the adsorption layer was changed to monitor possible changes in the orientation of the peptide at the interface, and the influence of the binding of Zn 2+ and Cu 2+ was studied. For comparison, circular dichroism spectra (CD) of the corresponding bulk system were taken to prove the initial conformation of the peptide. Surface-sensitive methods like grazing incidence X-ray diffraction (GIXD) allow us to evaluate the geometrical properties of the β-sheet layer at the interface. This information is complemented by X-ray reflectivity data, revealing the layer structure at the interface.
Materials and methods
All solutions were prepared using Milli-Q Millipore water with a resistivity of 18.2 MΩ cm.
Materials
VW29 was synthesized and purified as in [28] and used after removal of trifluoroacetate (TFA) (lyophilized three times with 0.5 mM HCl and once with water [46] ). The molecular weight is 3349 g/mol. The peptide was dissolved in hexafluoroisopropanol (HFIP) (Aldrich) (1 mg per mL) to revert possible aggregation, dried in vacuum or under N 2 -stream directly before being dissolved in 10 mM PBS (Fluka) containing 150 mM NaCl (Fluka, tempered at 600°C before use) (no NaCl addition for CD measurements) and the corresponding concentration of metal ions (0 to 2 μM) at pH 7.4 to yield a 0.3 μM peptide solution. The solution was used immediately, shaking was avoided to prevent aggregation. ZnCl 2 (Sigma) and CuCl 2 (Fluka) were added from aqueous stock solutions of 1 mM without further purification.
Methods

Film balance measurements
To record π-t and π-A isotherms, a polytetrafluoroethylene (PTFE) Langmuir trough equipped with a micro balance (R&K, Potsdam, Germany) and filter paper Wilhelmy plate was used and thermostatted at 20°C (E1 Medingen, Leipzig, Germany).
The peptide solution (10 mM phosphate buffer saline (PBS), pH 7.4, 150 mM NaCl) was filled into the trough and the adsorption isotherm was recorded. Monolayers were compressed symmetrically from two sides with a speed of 8.2 cm 2 /min.
CD
Circular dichroism (CD) spectra confirmed the initial peptide conformation in solutions containing very low amounts of peptide, such as those used in the adsorption experiments. Peptide concentration was 5 μM. The sample mount of a Jasco J-715 CD spectrophotometer was thermostatted at 20°C. Spectra were taken in the interval between 190 nm and 240 nm with a step resolution of 0.5 nm and a bandwidth of 1 nm. The scanning rate was 50 nm/min with a response time of 1 s. To improve the signal-to-noise ratio a Suprasil Quartz-cuvette (Hellma GmbH, Muellheim, Germany) with a path length of 1 cm was used and 20 scans were accumulated. After the subtraction of buffer spectra, the mean residue molar ellipticity θ R [deg cm 2 /dmol] was calculated from the spectra by taking into account the respective concentration and pathlength. The spectra are not smoothed.
IRRAS
Infrared reflection absorption spectra (IRRA spectra) were recorded using an IFS 66 FT-IR spectrometer (Bruker, Ettlingen, Germany) and an external reflectance unit containing the film balance trough (R&K, Potsdam, Germany) inside a container flushed with dry air to stabilize the relative humidity in the optical path. The trough system comprises a sample trough with two movable barriers and a reference trough to allow recording sample and reference spectra within short time ranges using a shuttling technique. Before hitting the water surface, the beam is polarized by a KRS-5 wire grid polarizer to create parallel (p) or perpendicular (s) polarized light. The incidence angle was varied between 30°and 70°relative to the normal of the surface. The use of mirrors allows the infrared beam from the external port of the spectrometer to hit the water surface at an adjustable angle of incidence. After reflection from the water surface, the beam is collected at the same angle and led to a narrow band Mercury Cadmium Telluride (MCT) detector cooled with liquid nitrogen. Reflectance-absorbance spectra with a resolution of 8 cm
were obtained using − lg(R/R 0 ), with R being the reflectance of the sample and R 0 the reflectance of the reference, the surface of the respective buffer solution. For each single beam spectrum with p-polarized light 400 scans (200 scans for s-polarized light, scanner velocity 20 kHz) were added, apodized using Blackman-Harris 3-term function and fast Fourier transformed after one level of zero filling. Before representation, all spectra were corrected for atmospheric interference using the OPUS software and baseline corrected using a constant value. The spectra are not smoothed. [47, 48] .
GIXD, X-ray reflectivity
Grazing incidence X-ray diffraction and X-ray reflectivity were performed at the liquid surface diffractometer of the undulator beam line BW1 at HASYLAB, (DESY, Hamburg, Germany) equipped with a Langmuir trough with a single movable barrier and a micro balance with filter paper Wilhelmy plate. The trough was thermostatted at 20°C and its hermetic container was flushed with He. The synchrotron beam was monochromated by a beryllium (002) crystal (wavelenght: λ ≈ 1.3 Å) before striking the liquid sample surface at an incidence angle of α i = 0.85 · α cr = 0.85 · 0.13°(α cr : critical angle for total external reflection).
For grazing incidence X-ray diffraction (GIXD) a linear positionsensitive detector (OED-100-M, Braun, Garching, Germany) was rotated around the sample to detect the intensity of the diffracted beam as a function of the vertical and horizontal scattering angles (α f and 2θ). A soller collimator was located between the sample and the detector. The Bragg rods and Bragg peaks were background subtracted before evaluating peak positions and Full Width at Half Maximum values. The vertical and horizontal scattering vector components were calculated using Q z =2π/λ sin(α f ) and Q xy = 4π/λ sin(2θ/2).
For X-ray reflectivity, the vertical scattering vector component q z = (4π/λ)sinα r in the interval 0.01 Å − 1 to 0.85 Å − 1 was recorded as a function of the vertical incidence angle α i with the help of a NaI scintillation detector, while the vertical reflection angle equals the vertical incidence angle α r = α i . The reflectivity was normalized to the FRESNEL reflectivity (R/R F ). To access the electron density profile normal to the interface and normalized to water ρ/ρ water , a model independent approach including linear combinations of b-splines was used. [49, 50] Afterwards the thicknesses, electron densities and roughnesses of a pile of homogeneous boxes were fitted to the electron density profile. Fig. 1 ) is a peptide designed to study the very early stages of amyloid formation connected to neurodegenerative diseases like Alzheimer's or Parkinson's disease [28] . It does not follow specific motifs of naturally occurring peptides, but is designed to have distinct secondary structure propensities and to react on defined triggers. In phosphate buffer at pH 7.4 (below the pI of the peptide of ≈9) it comprises three stable secondary structures depending on concentration and time. At very low concentrations like those used for adsorption experiments (≤ 5 μM), it adopts a mainly unfolded structure. At higher concentrations (100 μM) it is α-helical, but changes to a β-sheet structure after some time. Maltseva et al. found that the conformation of Aβ does not change upon addition of salt [19] . Accordingly, we assume that the conformation of VW29 is insensitive to ionic strength. In order to assess the role transition metal ions play in amyloid formation, the peptide is equipped with two histidine binding sites. The binding of Cu 2+ or Zn 2+ to the peptide in bulk results in a stabilization of the unfolded conformation in the former case and accelerated amyloid formation in the latter [28] . In VW29, an α-helical coiled coil conformation is used to define and stabilize an α-helical conformation. As shown in the upper part of Fig. 1 , this is achieved using the hydrophobic leucin zipper motive (positions a, d, a′ and d′) as well as by matching opposite charges in the g and e′ (e and g′) as well as in the g and c (b and e) positions of a coiled coil [51] [52] [53] . A putative β-sheet arrangement is shown in the lower part of Fig. 1 . There is no pronounced hydrophobic or hydrophilic face, but the position of the His residues defines two sides of the β-sheet ( Fig. 1 lower part) .
Results and discussion
VW29 (
The focus of this study is the aggregation behavior of VW29 at hydrophobic surfaces, restricted to two dimensions. Therefore the surface activity of VW29 was investigated using the Langmuir technique and a very simple hydrophobic model surface, the airwater interface. VW29 is highly surface active. With peptide concentrations of 0.4 μM or 0.3 μM in the subphase, the equilibrium surface pressure is ≈20 mN/m (Fig. 2) . Only the adsorption kinetics change. IRRAS and X-ray experiments are carried out using 0.3 μM peptide solutions. The equilibrium surface pressure is reached after two hours of adsorption. The surface layer is compressible indicating slow desorption kinetics.
3.1. CD Spectroscopy -time and concentration dependence of secondary structure transformations -characterization of starting conformation Circular dichroism of VW29 samples was used to estimate the conformation of the peptide in bulk and revealed a concentrationdependent aggregation behavior.
At very high concentrations (500 μM), the peptide aggregates immediately after dissolution. This is also indicated by the turbidity of the aqueous solution. Solid aggregates sediment or give rise to light scattering [54] and do not contribute to the CD signal resulting in very low intensities. This effect cannot be quantified (data not shown), it does not occur at concentrations below 500 μM and in the time scales relevant for the interface experiments. In peptide samples containing 100 μM VW29, the peptide adopts its stable α-helical presumably coiled coil conformation immediately after dissolution, as indicated by the two minima at 208 nm and 220 nm, and a maximum at 190 nm (Fig. 3) . At a concentration of 100 μM the peptide stays in an α-helical conformation for at least 3 days.
Pagel et al. [28] found a transition of VW29 from unfolded to β-sheet within 5 days. Compared to our work, this study was carried out without pretreatment of the peptide in HFIP to destroy preexisting aggregates.
At bulk concentrations below 100 μM the initial conformation of VW29 is not α-helical, but unfolded. At a peptide concentration of 10 μM, no change of secondary structure was detected within 3 days. At a concentration of 5 μM the peptide stays in an unfolded conformation for at least 3 days (Fig. 4) .
VW29 is designed to react to transition metal ion complexation with changed aggregation behavior. At high concentrations (100 μM) of VW29 Pagel et al. [28] found an accelerated β-sheet formation due to Zn 2+ ion complexation. However, at low concentrations (5 μM), still above the concentrations used for adsorption experiments, we observed unfolded peptides complexed with Cu 2+ or Zn 2+ and no signs of an onset of aggregation for at least 2 days (data not shown). This finding is independent of the added amount of metal ions. Experiments were carried out with molar peptide: metal ion ratios from 1:0.25 to 1:1.5, covering a range from substoichiometric metal ion complexation to metal ion excess (data not shown). At all these conditions (peptide concentrations higher than the ones used for adsorption and various metal ion complexation), aggregation does not occur within time scales of the experiments carried out with adsorbed peptide layers at the air-water interface (maximum of 2 days), therefore we consider that all observed conformational changes are the result of interface effects.
IRRAS -surface triggers β-sheet formation, heterogeneous nucleation
A very powerful tool to examine the secondary structure of peptides as surface layers is infrared reflection absorption spectroscopy. The reflected beam probes the enriched sample mainly at the interface and thus enhances sensitivity.
In the so-called amide region of the IR spectra, several bands can be assigned to the different secondary structure elements peptides can adopt. Bands at 1630 cm − 1 are due to β-sheets, when shifted toward lower wavenumbers like 1620 cm − 1 the β-sheets are aggregated. α-helices result in a rather narrow band at 1650 cm
and unfolded peptide chains vibrate at 1655 cm
, resulting in a very broad band. The discrimination of unfolded and α-helical structures is only possible using spectra taken at different angles of incidence of the infrared beam below and above the Brewster angle [13, [55] [56] [57] [58] [59] [60] .
IR reflection absorption spectra were taken during the adsorption of the peptide to the air-water interface, during the subsequent 24 h and after compression of the equilibrium layer to 30 mN/m (Fig. 5) . Spectra depending on the angle of incidence of the IR beam were taken. They allow the determination of orientations and will be presented separately. In this study we focus on the time-dependent change of peptide secondary structure, the effect of metal ion complexation and compression. As proven by CD spectroscopy, the initial conformation of the peptide is unfolded. However, VW29 is adsorbing to the surface in α-helical conformation, as we observed narrow vibration bands at 1655 cm − 1 . This could be confirmed by additional measurements with the angle of incidence for the incoming and reflected beam above the Brewster angle. With the structure of the peptide in mind, we assume that the highly hydrophobic side of a single peptide helix lying flat at the surface points toward the hydrophobic air (Fig. 1) . This α-helical layer is stable for 6 h up to 24 h depending on random preparation effects. Then a second band at 1624 cm . This process corresponds to the formation of β-sheet structure out of α-helices. As measurements at different angles of incidence below and above the Brewster angle and GIXD data (see Section 3.3) indicate, the β-sheets lie flat on the surface. A detailed study of orientations will be presented separately. The compression of a β-sheet layer results in a higher amount of material per surface area unit and leads to an increase of intensity of the amide I bands without changing their relative intensities. However, the relative intensity of the amide II band decreases for p-polarized but increases for s-polarized light. This finding indicates a change of orientation of the peptide. The dichroic ratio I p /I s of the band at 1624 cm − 1 , a measure of orientation of the peptides relative to each other, changes from 1.3 before to 2.2 after compression of the layer.
A compression of a layer with a lower β-sheet content results in the same process of growth of the band at 1624 cm − 1 , accompanied by a decrease of intensity at 1655 cm − 1 in a shorter period of time.
We conclude that the further increase of concentration at the surface due to the compression triggers the transition to β-sheet. Even after β-sheet formation the spectra show α-helical (or unfolded) as well as β-sheet signals (Fig. 5) , indicating that there is no complete transformation or a two layer structure is formed. One layer would consist of a β-sheet structure. Subsequently adsorbing peptides, forming a second layer underneath, would therefore not sense a hydrophobic air-water interface that means there is no trigger for a β-sheet formation. The described effect is still under investigation. We think that the β-sheet formation may take more time than can be reasonably covered by measurements at liquid surfaces.
The addition of Cu 2+ ions to the peptide solution before adsorption results in similar IRRA spectra (Fig. 6 ). The spectra of the initial layer show a strong band at 1655 cm
, indicating a high α-helical content. However, the growth of a band at 1624 cm − 1 begins very early, even before the adsorption reached equilibrium. A shoulder at 1624 cm
appears after one hour of adsorption. The β-sheet transition is almost complete after 10 h. As in the case of uncomplexed peptides, a small shoulder at 1655 cm − 1 remains and does not disappear during the following day. Compression leads to higher intensities of the already existing bands. This is probably a result of the β-sheet layer taking an in-plane orientation that makes the excitation of the transition dipole moments more efficient. Complexation with Zn 2+ gives qualitatively the same results. The β-sheet formation is even accelerated. It starts after 30 min and evolves fast. Even though with CD spectroscopy we proved an unfolded initial conformation, the spectra taken after one hour of adsorption include bands at 1655 cm − 1 and 1624 cm − 1 with similar intensities (not shown). This finding is in agreement with Bush et al. [40] , who reported very fast aggregation upon addition of Zn 2+ to A β peptide in a bulk system at higher concentrations. We conclude that the increase of concentration due to enrichment at the interface is enough to trigger an inmediate β-sheet formation. The increase of the dichroic ratio I p /I s of the band at 1624 cm − 1 from 2.5 before to 4.2 after compression indicates an additional orientation of β-sheets relative to each other. One sample was doped with a very small amount of a phospholipid (corresponding to a surface coverage in the order of 10 4 Å 2 /molecule).
The ester ν(C O)-vibration band at 1724 cm − 1 is growing very fast and simultaneously with the band for β-sheet upon compression (not shown), suggesting that heterogeneous nucleation facilitates the rapid conformational change to β-sheets. This might play a key role in the onset of β-sheet misfolding in more physiological conditions including more detailed membrane models like lipid layers. This effect was also applied by Muenter et al. using low amounts of stearic acid as seeds to trigger the self assembly of a peptide-polymer conjugate [61] . X-ray techniques like Grazing incidence X-ray diffraction and X-ray reflectivity were used to complement results obtained with infrared spectroscopy.
GIXD -packing parameters and in-plane order of β-sheet layers
Combining X-ray diffraction with a total reflection setup leads to a highly surface sensitive scattering technique. A synchrotron X-ray beam grazes the air-water surface on a Langmuir trough fulfilling total reflection conditions. Only ordered structures that are highly enriched by adsorption at the interface contribute to a two dimensional powder spectrum, omitting all influences of subphase material and therefore increasing the signal-to-noise ratio. The scattered intensity is detected by a positional sensitive detector which is rotated around the sample. Therefore the intensity of the diffracted beam as a function of the vertical and horizontal scattering angles is accessed and transformed into the vertical and horizontal scattering vector components. Grazing incidence X-ray diffraction was used to characterize the VW29 surface layer. Ordered β-sheet layers at the surface result in Bragg peaks at Q xy values, defined by the dimensions of the 2-dimensional repeat pattern. As IRRAS-measurements below and above the Brewster angle show and as indicated by Q z =0, the β-sheets in the layer lie flat on the surface.
Interestingly the β-sheet formation differed depending on the added metal ions, as already indicated in the time-dependent IRRA experiments (Section 3.2) and found by Pagel et al. [28] . We used the presence of a typical Bragg peak with Q xy ≈ 1.3 Å − 1 as evidence for ordered β-sheets at the interface. Without metal ion complexation VW29 only aggregates after compression of the surface layer to 30 mN/m, the bilayer-monolayer correspondence pressure. With additional Cu 2+ -ions the peptide seems to aggregate immediately after adsorption to the interface, while CD-spectra verified a stable unfolded conformation under similar conditions in bulk. In contrast, addition of Zn
2+
-ions results in a rather defined β-sheet layer. The evidence for this disappears after compression. As a disaggregation was not observed with IRRAS, we assume that the already existing ordered β-sheet aggregates are reoriented or destroyed. If the β-sheet crystal grows to extreme dimensions the powder conditions are not valid anymore. Depending on the orientation of this highly ordered β-sheet domain, the Bragg equation might not be fulfilled. Only by rotation of the trough system it would be possible to observe a diffraction pattern. However, this is not possible in the experimental setup used at HASYLAB. An additional orientation of β-sheets was also observed in the IRRAS spectra after compression. Another possibility is that the order of the β-sheet relative to each other is destroyed by compression.
Experiments at equilibrium surface pressure (π ≈ 20 mN/m) and after compression to 30 mN/m typically revealed a peak corresponding to the repeat pattern perpendicular to the β-sheet at Q xy ≈ 1.33 Å − 1 (Fig. 7) . Using d =2π/Q xy the β-sheet repeat distance was calculated to d ≈ 4.73 Å for all layers which contained detectable β-sheets (Table 1 ).
In the case of Cu
-complexed VW29 at 30 mN/m, an additional end-to-end distance of 52.40 Å indicated by a Bragg peak at Q xy = 0.124 Å − 1 could be detected ( Fig. 8 and Table 1 ). The two peaks can be indexed according to Lepere et al. [62] , assuming a rectangular unit cell with the H-bond distance a = 4.73 Å (peak (20) ) and the longitudinal distance b = 52.40 Å (peak (01)). The structure presumably consists of parallel β-sheets, as no indication for a repeat pattern with the double H-bond distance was observed. The length of the unit cell does not correspond to the length of the peptide molecule in extended β-sheet conformation, indicating a structure where only parts of the molecule are incorporated into the β-sheet structure. Upon further compression, the surface pressure does hardly increase because some peptides desorb. Nevertheless we found the unit cell was compressible in the longitudinal direction (from b = 52.40 Å to b = 50.63 Å) while the packing did not change in the interstrand β-sheet to β-sheet direction a.
The correlation lengths calculated using the Scherrer equation 
X-ray reflectivity -layer structure influenced by metal ions
The setup used for GIXD experiments with the synchrotron X-ray beam grazing the liquid sample surface was used to obtain X-ray reflectivity curves.
After normalization to FRESNEL reflectivity, the depicted electron density profiles (Fig. 9) were obtained without using model assumptions, but using a linear combination of b-splines following the approach of Pedersen and Hamley [49, 50] . The profiles are normal to the interface starting with the electron density of air (0) and ending with the electron density of H 2 O, which was 1 after normalization.
They could afterwards be fitted using a box model assuming a pile of homogeneous boxes of certain thickness d, electron density ρ = ρ H 2 O and roughness of their boundaries (Table 2) .
Peptide layers which result from adsorption without further compression differ according to the metal ion present in the sample (inset of Fig. 9 ). Compared to the pure peptide layer (solid line, maximum at 1.17), the maximum electron density ρ = ρ H 2 O of both metal ion containing layers (dashed and dotted lines in Fig. 9 , maxima at 1.19) are slightly higher. This is a strong indication for a contribution of the incorporated metal ions. Obviously, Cu 2+ and Zn 2+ have different binding properties, resulting in different structures of the surface layer. Although both samples exhibit β-sheet character in IRRAS and GIXD data, the two metal ion containing layers are markedly different. In the case of Cu 2+ binding, the maximum electron density is shifted to a position closer to the subphase compared to the pure peptide layer. Zn
2+
-binding on the other hand leads to a shift of the maximal electron density to a position closer tothe air. The difference is maybe related to a preferred binding of Zn
ions on the face of the β-sheet layer containing the His residues and pointing toward the air, while Cu 2+ is additionally able to bind to the peptide backbone [64] , bending a distorted part of the β-sheet away from the air interface. Also the β-sheet layer could be oriented upside down, with the histidine binding sites and other putative binding sites pointing toward the water, exposing the other uncomplexed face to the air. To describe the electron density profile of a pure peptide layer correctly, two boxes are necessary, but three boxes have a better correlation to the data ( Table 2 ). The first box, pointing toward the air, has usually a thickness of about 5 Å and an electron density lower than water or the acyl chain region of lipid layers. We therefore assume that some peptide side chains point into the air. A second box presumably containing the β-sheet layer and the complexed metal ions has a thickness comparable to values found for β-sheets, with relatively small roughness and an electron density roughly matching theoretical calculations for a densely packed VW29 surface in the case of a pure peptide layer. In the case of compressed VW29 layers complexed by Zn
, the second box close to the air has a very high electron density and low thickness. We assume that the metal ions are located there. In contrast to this, the Cu 2+ complexed VW29 layer shows a rather thin box with high electron density closer to the water. The third box limiting the peptide layer toward the water subphase has a very high roughness and electron density close to that of water in most cases. This is indicative of rather dilute and unordered layers. This part of the layer structure might correspond to the still remaining unordered or α-helical content in the IRRA spectra after compression or after long incubation times (Figs. 5 and 6 ). In conclusion, there is a densely packed β-sheet layer at the surface and a layer beneath it which has an electron density similar to that of water. This might be formed by unordered peptide ends hanging unfolded into the water (explaining the shorter end-to-end distance found with GIXD (Table 1) ) or a second adsorbed layer that interacts with the β-sheet layer and not with air so that it has no trigger to rearrange into β-sheets. In the complexed layers the metal ion is either situated in a defined layer close to the air (Zn 2+ ) or closer to the subphase (Cu   2+   ) , that means bound to the upper or lower face of the β-sheet layer. Cu 2+ complexation of VW29 leads to a thicker surface layer at equilibrium pressure and in compressed state. As X-ray reflectivity only probes an average electron density profile, this could indicate a mixed layer of β-sheets as detected by GIXD and unordered or α-helical peptides or a distortion of the β-sheet layer due to binding to binding sites apart from the histidine side chains. After compression all surface layers become thicker. The Cu 2+ containing layer is very thick compared to the pure peptide layer and the one containing Zn
. The latter two become more similar upon compression, concerning the shape of the electron density profiles.
Without metal ions and after compression to 30 mN/m a β-sheet was detected by GIXD and IRRAS, but the layer structure is clearly different from the other (β-sheet containing) samples. The second box has a thickness of almost 18 Å and could indicate a second β-sheet layer just beneath or a mixed layer composed of β-sheets and α-helices.
Conclusion
In this paper we have presented structural studies of an amyloidogenic model peptide interacting with the hydrophobic airwater interface. We additionally investigated the interplay of the two factors hydrophobic interface and transition metal ion binding on the conformation of the peptide. The peptide VW29 is designed to have a hydrophobic face in its α-helical conformation in order to be able to form a stable coiled coil structure in bulk. On the other hand it comprises β-sheet stabilizing features. Additionally it is equipped with histidine binding sites, which favor a certain geometry upon transition metal ion complexation.
The peptide is surface active, its equilibrium surface pressure amounts to ≈20 mN/m for buffered solutions with concentrations in the μM-range. Using CD spectroscopy we found the conformation of the peptide in bulk is concentration-dependent. At high concentrations (500 μM) the peptides aggregates immediately, while at 100 μM it is α-helical for at least two days. At the concentrations used for further studies (≤5 μM) however, VW29 is unfolded over the time range of two days. This conformation is not altered by addition of Cu 2+ or Zn 2+ to the solutions (c peptide = 5 μM) in substoichiometric to excess concentrations. Although in bulk (c peptide ≤5 μM), the peptide adopts an unfolded conformation, it adsorbs to the airwater interface in an α-helical conformation as proven by IRRAS.
The peptide enriched at the interface starts to transform to β-sheets after some hours. The β-sheet formation is accelerated by an additional orientation of the peptides relative to each other by compression of the surface layer, but an α-helical or unfolded part of the peptide still remains evident in the IRRA spectra. We suppose that the β-sheet formation is uncomplete within reasonable experimentation time. Potentially, one or both ends of the peptide do not contribute to the β-sheet or a second peptide layer adsorbs underneath the surface layer and stays unfolded or α-helical.
Heterogeneous nucleation enhances β-sheet formation and may play an important role in processes involving more complex membrane models or cell membranes. The investigation of the surface layer structure by GIXD revealed typical repeat patterns for interstrand β-sheet distances of d ≈ 4.73 Å. Based on X-ray reflectivity data, the surface layer can be characterized by a three layer structure: one layer of amino acid side chains pointing toward the air, a second layer containing the peptide in its helical or β-sheet conformation and a third layer consisting of unfolded or α-helical ends of the peptide hanging into the water. The effects the metal ions Cu 2+ and Zn 2+ impose on this conformational behavior depend on the binding modes of the ions, but both accelerate the β-sheet formation at the interface. Especially Zn 2+ ions cause highly ordered and aggregated structures at the surface as found by GIXD. Ordered domains are formed of 50 (no metal ion), ≈140 (Cu 
